
5 .  Pipe Flov 

1 General. Pipe flow exis t s  when a closed conduit of any form is  
flowing I'ull. of water. In pipe flow the cross-sectional axea of flow is  - 
fixed by the cross section of the conduit and the water surface i s  not ex- 
posed t o  the atmosphere. The internal  pressure i n  a pipe may be e q u l  to,  
greater than, or l e ~ s  than the  loca l  atmospheric pressure. 

The principles of pipe flow apply t o  the hydraulics of such structures 
as culverts, drop in le t s ,  ::egular and inverted aiphons, and v ~ ~ + l o u s  types 
of pipe l ines .  

If pipe llow exis t s  f o r  a range of discharges under study, the cross- 
sectional area of flow a n & t h e  hydraulic i'adiua remain constant for  any 
part icular  cross section and the  velocity i s  d i rec t ly  proportional t o  the 
discharge. 

5.2 Fundamentals. The following discussions under subsection 3, 
Fundamentals of Water Flow, should be reviewed: 3 .l, Laminar and Turbulent 
Flm; 3.2, Continuity of Flow; 3.3, Energy and Head; 3.4, Bernoulli Theorem; 
and 3.5, Hydraulic Gradient and Energy Gradient. 

As pointed out i n  paragraphs 3.1, the poss ib i l i ty  of laminar flow i n  
pipes when Reynoldls number exceeds 3000 is  very remote. For our purposes 
t h i s  value w i l l  be assumed t o  be the lower l i m i t  for turbulent flow. 

Reynold's number fo r  pipes is:  

where 

R = 
v = 
d = 
V = 
di = 

Reynold's number 
m e a n  velocity in pipe i n  f't. per aec. 
diameter of pipe i n  fee t  
(nu) kinematic viscosity i n  f t  .2 per sec. 
diameter of pipe i n  inches. 

The kinematic viscosity sad other physical properties of water a re  
given i n  t ab le  5.5-1 for  atmospheric pressure. -- The kinematic viscosity 
is not affected appeciably by the variation i n  pressures tha t  can nor- 
mally be expected i n  our work. 

Tor example: Based on the above assumption cf a minimum value of 
R = 3000, compute $he minimum permissible velocity in a 2-inch diameter 
pipe a t  which water with a tenperatwe of 50' F. w i l l  flow turbulently. 



TABLE 5.5-1 
Temperature Specific Kinematic Vapor 
Degrees Weight Viscosity Pressure 

Fahrenheit ~bs./ft.~ ft.2/sec. psi 

32 62.4 1.93x10-~ 0.08 

40 62.4 1.67x10-~ 0.11 

, 50 62 -4 1.41~10'~ 0.17 
60 62.4 1.21x10-' 0.26 

To assure turbulent flow, the wlue of R should be equal to or great- 
er than 3000. Assuming a value of kinematic viscosity V , of O.OOOOlO5 
for water at 70' F., substituting (Q + a) for v, 0.784d2 for a, and re- 
ducing d to di gives a minimum discharge fos turbulent flaw in terms of the 
diameter of the pipe. 

3.3  Friction Loss. The loss of energy or head resulting from tur. 
bulence created at the boundary between the sides of the conduit and the 
flowing water is called friction loss. 

In a straight length of conduit, f l o w i n g  full, with constant cross 
section and uniform roughness, the rate of loss of head by friction is 
constant and the energy gradient has a slope, in the direction of flow, 
equal to the friction head loss per foot of conduit. 

Of the many equations that have been developed to express friction 
loss, the following two equations have been selected for inclusion herein; 
they are widely used and reliakle. 

5.3.1 Manning's Formula. The general form of this equation is: 

Nomenclature : 

a = cross-sectional area of flow In ft .2 
d = diameter of pipe in feet. 
di = diameter of pipe in inches. 
g = acceleration of gravity = 32.2 ft. per see .2 

R1 = loss of head in feet due to friction in length, L. 
Kc = head loss coefficient for any conduit. 
Kp = head loss coefficient for circular pipe. 
L = length of conduit in feet. 
n = Manning's rougkiness coefficient. 



wetted ~ e r i m e t e r  i n  f ee t .  
hydraulic radius i n  fee t  = ( a  -2 p)  = ( d  s 4) fo r  r o u d  pipe. 
i o s s  of heal! i n  f ee t  per foot of conduit = sl.o?e of energy 
grade and hydraulic grp-de l ines  i n  s t ra ight  zonauits of mi- 
form cross section = ( E ~  + L j .  
mean velocity of flow in  f t  . per sec . 
discharge or capacity i n  f t  per eec. 

Star t ing with equation (5.5-3) solve Tor s, multiply numerator md 
d e ~ m i n a t o r  of right side of equation b y  2g, and subst i tute  ( H ~  + L) 
f u r  s .  The re su l t  is: 

where 

Adaption of t h i s  equation (5.3-5) t o  c ircular  pipes involves the 
suss t i tu t ion  of (d  i- 4) fo r  r and the change from d t o  di. 

Tables of values for  Itp and Kc for  the usual ranges of variables 
encountered are  given in  drawing ES-42. The 1/3, 2/3,  3/2, 3/4, and 4/3 
powers of numbers frequently used i n  Manning's formula can be found from 
d r a w i u g  ES-37. 

I n  same cases it is  usef'ul t o  consider the  conditions of flow i n  a 
s t raight  conduit of uniform cross section and roughness coefficient when 
the conduit 1s on neutral  slope. Neutral slope i s  defined as  tha t  slope 
of a condait a t  which the f r i c t i o n  loss  per foot ( H ~  -t- L) is equal t o  the 
slope of the conduit, i .e. ,  when the conduit i s  pa ra l l e l  t o  the hydraulic 
gradient and energy gradient. I n  a conduit of given cross section, rough. 
ness coefficient and slope, t h i s  condition occurs fo r  onlr  one discharge. 
In  figure 5.3-1 the ccnduit is on neutral  slope when 

s i n  6 = k = 
3 

L Kc 

and 2 

KC & 
sn (neutral  slope) = tan 0 = ( 5 - 5 4 )  

I n  any case of pipe flow i n  a conduit of uniform cross section, the 
loss  of head per foot of conduit i s :  



The total head loss in a given length of conduit can be determined 
from equation (5.5-4) with the proper value of % or Kc selected from 
d r a w i n g  ES-42. 

King's Handbook, pp. 188 and 189, gives a number of convenient work- 
ing forms of Manning's formula and references to tables that will facili- 
tate their use. Four of these are: 

Drawing ES-54, w h i c h  is  based on equation (3.5-13), may be used to deter- 
mine di, s, or &, when two of these quantities and n are knuwn. 

5.3.2 Hazen-Williams Formula. As generally used, this formula 
is : 

Notation is the same as given i n  subsection 5.3.1 with the addition of C, 
the coefficient of roughness in Hazen-Williams formula. 



iYDRAULICS: HEAD LOSS COEFFICIENTS FOR CIRCULAR AND 
SQUARE CONDUl TS FLOWING FULL 

~omenc/uture : 
a = Cross- sec fbnd  ore0 o f  flow in sq. f f  
4 = h i d e  dumefer oJp/& /;7 /;7ck.. 
q = Acce/erofiun of gravity = 32.2 ft per sec. 

= Loss of heud /h feet due fo frkf/on in /engfh L. 
Kc = &ud /om coefficient for square conduit flowihq fu//. 
K, = h"d/oss coefficient Fcr circu/ar pipe f/owinq fu//. 
L = Length of conduif in feet 
n = Munningk coefficienf of roughness. 
4 = Dis~narqe or copocify in cu f .  per sec. 
r = Nydruu//c rudius /h fee? 
v = Mean velocity in ft per sec. 

Examp/e f : Compufe the? heold / o s  in 300ft of 24 in. dium. 
concrete p i e  f/owinq fu// und dschorging 
3 U c . f ~ .  Assume n = d0/5 _ 
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Y DRAULICS: CIRCULAR CONDUITS; Critical discharges (Q,,, - cfs)  
corresponding to various depths ( d  - in f t )  and cr i t ica l  depths 
(d,,-ft) corresponding to various discharges ( Q - c f s )  
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iYDRAULICS:  CIRCULAR CONDUITS; Normal discharges (Qn,,- cfs) 
corresponding to various depths (d  - 1  in f t  and normal depths 
(dn,Q- f t) corresponding to various discharges (Q - cfs )  
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HYDRAULI CS : FLOW IN CIRCULAR CONDUITS; Def-inition of symbols 
and formulas. 

DEFINITION OF SYMBOLS 

a = Cross-sectional area of flow in sq ft 
ac,Q = Critical area corresponding to the discharge Q in ft2 = area corresponding to d,,~ 
a,,$ = Normal area corresponding to the discharge Q in ft2 = area corresponding to d,,~ 
d = Depth of flow in ft 
dc,g = Critical depth corresponding to the discharge Q in ft 
dn,q = Normal depth correspond-ing to the discharge Q in ft 
D = Inside diameter of circular conduits in ft 
Dr = Required inside diameter with freeboard of circular conduit in ft 
g = Acceleration due to gravity.= 32.16 ft/sec2 
n = Manning's coefficient of roughness 
Q = Discharge in cfs 
Qc,d = Critical discharge in cfs 
Qn,d = Normal discharge in cfs 
r = Hydraulic radius in ft 
sc = Critical slope in ft/ft 
so = Bottom slope of conduit in ft/ft 
T = Top width of flow in ft 
v = Velocity of flow in ft/sec 

Q vc,q = Criticel velocity corresponding to the discharge Q in ft/sec = - 
pctQ 

v , , ~  = Normal velocity corresponding to the discharge Q in ft/sec = 
"n, Q 

one cubic foot - 448.8 gallons 
second - minute 
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and formulas.  

DEFINITION 01" SYMBOLS 

a = Cross-sectional area of flow in sq ft 
a,,~ = Critical area corresponding to the discharge Q in ft2 = area corresponding to d c, Q 
an,Q = Normal area corresponding to the &ischarge Q in ft2 = area corresponding to d, Q 

d = Depth of flow in ft 
dc Q = Critical depth corresponding to the discharge Q in ft 
dn:& = Normal depth corresponding to the discharge Q in ft 
D = Inside diameter of circular conduits in ft 
Dr = Required inside diameter with freeboard of circular conduit in ft 
g = Acceleration due to gravity.= 32.16 ft/sec2 
n = Manning's coefficient of roughness 
Q = Discharge in cf's 
Qc, d = Critical discharge in cfs 
Qn, d = Normal discharge in cf s 
r = Hydraulic radius in ft 
sc = Critical slope in ft/ft 
so = Bottom slope of conduit in ft/ft 
T = Top width of flow in ft 
v = Velocity of flow in ft/sec Q v,,~ = Critical velocity corresponding to the discharge Q in ft/sec = - 

U 
V,,Q = Normal velocity corresponding to the discharge Q in ft/sec = --- 

"n, Q 

CONVERSIONS 

one cubic foot - 448.8 gallons 
second - minute 
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4YDRAULICS : FLOW IN CIRCULAR CONDUITS ; Examples 

EXAMPLE 1 

Given: A circular conduit having a diameter D = 2.0 ft. - 
Determine: The cross-sectional flow area a corresponding to a depth of flow d = 0.86 ft. 

Solution: Solving for the flow area a when d t  D = 0.86 + 2.0 = 0.43, the corresponding value for 
a I D' is 0.323. (From Sheet 1) 

EXAMPLE 2 

Given: A circular conduit having a diameter D = 2.0 ft. - 
Determine: The depth of flow d corresponding to the cross-sectional area a = 1.10 ftz. 

Solution: Solving for the depth of flow d when a + D" = 1 .LO + (2.0)" = 0.275, the corresponding 
value for d .; D is 0.381. (From Sheet 1) 

d = (0.381)(2.0) = 0.762 ft 

7 
Given: A circular conduit having a diameter D = 2.0 ft. 

Determine: The critical discharge Qc,d corresponding to the depth of flow d = 0.86 ft. 

Solution: Solving for the critical discharge Q,,d when d i  D = 0.86 i 2.0 = 0.43, the corresponding 
value for Qc,d + I d z  is 1.046. (From Sheet 2) 

Qc,d = (1.046)(~.0)~/~ = 5.917 cfs 

EXAMPLF: 4 
Given: A circular conduit having a diameter D = 2.0 ft. - 
Determine: The critical depth of flow d,,~ corresponding to the discharge Q = 5.60 cfs. 

Solution: Solving for the critical depth &,,Q when Q t D5j2 = 5.40 + (2.0)~/~ = 0.9915, the corre- 
sponding value for d,,~ + D is 0.418. (From Sheet 2) 

d,,~ = (0.418)(2.0) = 0.836 ft 

EXAMPLE 5 

Given: A concrete circular conduit having a diameter D = 2.0 ft, n = 0.015, and so = 0.0025. - 
Determine: The normal discharge Qn,d corresponding to a depth of flow d = 0.86 ft. 

Solution: Solving for the normal discharge Qn,d when d + D = 0.86 + 2.0 = 0.43, the corresponding 
value for nQn,d + ~ ~ / ~ s ~ ~ / ~  is 0.178. (From Sheet 3) 

Qn,d = 
(0.l7~)(2.0)~/~(0.~2i)'l~ = 3.768 cfs 

0.015 

EXAMPLE 6 

Given: A concrete circular conduit having a diameter D = 2.0 ft, n = 0.015, and so = 0.0025. - 
Determine: The normal depth of flow &,,Q corresponding to t h e  discharge Q = 3.60 cfs. 

Solution: Solving for the normal &pth d,,~ when nQ i ~ ~ / ~ s ~ ' / ~  = (0.015) (3.60) + (2 .0)~/~(0 .0025)'/~ 
= 0.1701, the corresponding value for d n , ~  i D is 0.419. (From Sheet 3) 

d,,~ = (0.419)(2.0) = 0.838 ft 
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HYDRAULICS: FLOW IN CIRCULAR CONDUITS ; ~ x a m b l e s  

EXAMPLE, 7 

Given: A semi-c i rcular  metal flume having a diameter of D = 1.911 f t .  Manning's roughness coeff i -  - 
c i e n t  n = 0.012. 

Determine: The c r i t i c a l  s lope of t h i s  f1m.e f o r  a discharge of  Q = 1700 gpm = j.'i88 c f s .  

Solut icni  The c r i t i c a l  s lope s c  corresponding t o  3 discharge Q i s  t h a t  bottom s lope so  = s c  which 
wi l1 ,cause  t h e  c r i t i c a l  depth d, Q ant? t h e  normal depth &,,Q t o  be equal .  Solving f o r  c r i t i c a l  
depth.dc,Q corresponding t o  Q = 3.788 c f s .  

Q dc Q . When --- = 3-788 = 0.7513, t he  corresponding value f o r  A 1 s  0.5620. (From Sheet 2) 
D ~ / ~  ( 1 . 9 1 ) ~ / ~  D 

When d,,Q = O.j620, t h e  corresponding value f o r  nQ i s  0.12$8, (From Sheet j) o r  D Da/3sc1/2 

EXAMPLE e 
Given: The problem of designing a s t r a i g h t ,  semi-c i rcular  meta l  flume ( n  = 0.012) .  The flume is 
-- 

t o  convey a maximum discharge of Q = 1700 gpm = j : i@ c f s  with a minirmm rreeboard of  6 percent  
of t h e  diameter D of t h e  flume and a bottom s lope so  which w i l l  p s m i t  a maximum v e l o c i t y  v equal 
t o  80 percent  of t h e  c r i t i c a l  v e l o c i t y  v , , ~  corresponding t o  t h e  d ischarge  Q i s  t o  be provided. 
The a c t u a l  v e l o c i t y  v is  not t o  exceed 4 f t / s e c .  The flume i s  t o  be constructecl s o  t h a t  t h e  
depth of flow a t  t h e  o u t l e t  end of t h e  flume w i l l  be equal t o  t h e  ca l cu le t ed  normal depth c l , , ~  
corresponding t o  t h e  discharge Q i i  v , , ~  5 4 f t / s e c .  This in su res  t h a t  normal flow condi t ions  
w i l l  e x i s t  i n  t h e  flume ( s e e  ES-38, Case A ) .  

Deter~nine: a i l )  The required diameter Dr of  t h e  flume which w i l l  s a t i s f y ,  s i ~ ~ u l t m e o u s ~ y ,  t h e  
s t . . ted  f reeboard and ve loc l ty  c r i t e r i a .  

( 2 )  The diameter D of a s tandard s i z e  flume t o  be use&. 

b ( 1 )  The c r i t i c a l  ve loc i ty  v , , ~  corresponding t o  t h e  discharge Q i n  t h e  flume hxving the  
diameter D . 

( 2 )  The maximum bottom s lope so of t'ne flume having a dicmeter D determined i n  a ( 2 : .  
(5'1 The normal depth of flow dn,y corresponding t o  t h e  discharge Q .  
( 4 )  The percent  f reeboard of diameter D .  

c(1) The minimum slope so  of t h e  flume having a d iane te r  D determined i n  a ( 2 ) .  
(2) The a,ctual v e l o c i t y  e x i s t i n g  i n  t h e  flume wi th  t h e  minimum slope.  

I ( 3 )  The r a t i o  v/vc,$. 

Solut ion:  a i l )  Solving f o r  t h e  required diameter Dr of t h e  flume which s a t i s f i e s  t h e  s t a t e d  f r e e -  
D r  

1 board end v e l o c i t y  c r i t e r i a .  The depth of flow i s  6 percent  of Dr l e s s  than 3 o r  

D r d ' d - - - 0.06Dr o r  - = O.bli. The c r i t i c a l  ve loc i ty  vcJQ corresponding t o  t h e  discharge Q i s  
2 D, 

I On s u b s t i t u t i n g  f o r  v and v , , ~  ( s e e  Eqs. a and c )  and t h e  s t a t e d  c r i t e r i o n  v = O.fi0v c,g, obta in  
(It  w i l l  be assumed t h a t  v 1 s  l e s s  than 4 f t / s e c )  

o r -  

I "c Q dc Q 
When = 0.2664, t h e  corresponding value  vl. is 0.5727. When = 0.3717, t h e  correspond- 

D-> Dr 4 
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HYDRAULICS : FLOW I N  C I R C U L A R  C O N D U I T S ;  Examples 

There i!xiri;:i oc1.j one vn luc  oS D, wtli ch w i l l  sztizl'y ' t~otll t % c  c r i t e r i a  ( I )  d = 0 . 4 4 ~ ~  and 
(7) v = ~.SOV,,Q si.multu~!eous:Ly, Tor :? ~ i v c ' r l  va lue  or Q, 11, ar id crosh-sect . iona1 sh3:1e. 

(.'j T'lc v n i u r  oi' 11, i5 not  :i :3t:.!. 18l~r.d diameter s i z e .  The next standard dj.:;.rctcr U : : i m  
p c ; i t t r  th:m D, i s  t o  ljc cisoscn. Use ,;, - i :  c ~ .  :;t~t:etiri:: o r  D = I..?.L Tt. By changing Lllc dicunetc3c 
.D t o  :j ~ r e a t c r  number. t!.an D,., bo th  cri1,t.ri.r eu.:r,ot bp sn t i i ; f i eu  ~~i.m~~lt;:i.rlzously. Two t:.;tremiX:; ill 
t h e  bottom &Lopes can be obi,:,.-inwi by:  

(I) fixin{; the ~i,,.xin~um v r l o c i t y  i n  crccordwce t o  tile nt:rti?d cri teri : . :  and s l l o w i r ~ c  
Lhe free'ro:ird Lo inc rensc  above tilt. c r i  t c r ion .  

(:J) f i x i n g  t h e  miriinurr 1'reebo:rrtl t o  6 pibrce:it o l  D and a l lowi r~g  t h e  v e l o r i t y  t o  
be decre:iscd from t h a t  gZvcn by  tlic c r i  t r r ior r .  

Q - -  3.788 
= 0 .  (5127, t h e  correspo~Ci!ig vnlk for. i 5 0.3620. (From Sheet P )  Whcr 

U5/z (l.~lj5/;? D 

( : i )  Tile maximum tlottom aiopc. is deterrnjncd by f i x i n g  thc. mnximl~m psrmis;ii,'t. v e l o c i t y .  

( 4 )  The percent freeboard i s  

c ( l )  When Lhe minimum slolle i s  desired tk~c. nii . imlutl v e l o c i t y  i s  requi red ,  i . c . ,  t h e  m:rvi-  
mun t'low arcrr. 'i'tw maximum fl.ow pcrmiss ib lc  b y  the s t v t e d  criteri.a corresponds t o  n depth 
of flow q u c J  to 0 . 4 L ~ .  Solving f o r  t h e  miriimum clor:e so  of' tlie t'lune hnviriy a depth of flow 

d nQfi d 
d = 0.441,. Wlien - = 0.41!, t h e  corresporidil~g vrilue f o r  D $1" SOl/z  i s  0.1853 
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IYDRAULICS: VALUES OF y? AND xi/n FOR x AND y > I  

AB,  C D  E F  
Use only Companion Scales, 
i.e. A with a, 0 with b ,  C with c, 

1 lo D with d, E with e and F withf. 

(ofor Values of 1 . 0 0 ~  x 1.02 ond 

2.60 $ <  n c 3 use the approximation 

x n =  I + "  (x-  I )  

(b)For Values of 1.00dy 1.065ond 

$ nL $ use the opproximat~on 
2.30 

y A =  I + &  ( y - 1 1  

lo7 

c E x a m p l e  (o)F~nd Since Valve the exponent of 1.20' (2) i s  >l.O 1.27 

1.07 use scales assoc~ated with x n  
1.03 where x = 1 2 0  and n = 2.0 x -  1.2 1.28 

may be located on scales D and 
E . I f  locat~on on scale E is used 1.4 
t he  solution of 1.2' cannot  be 
fourd on scale e for the solution 
line ~ntersects scale e outside 1.30 

1 . 6  

t he  l~rni ts  of t h ~ s  sheet. Use 
location on scale D and read 1.31 

result xn-  1.44 on 7cale d.  
[b)Find Value of 1.44r 1.32 

Since the exponent (+) 1s 1.0 , 
use scales associated w i t h  y fi 133 

1.05 where y = 1.44 and = + .  
y =  1.44 may be fo,und on scale d 1.34 
ond the result, yo =I.Z,.read on 1.14 

scole D. 
1.02 

I 

Value of x or y n  
Value of xn or y 
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B C  D E  e 2300 

i.e. A with a, 6 with b,C with c, 
12.0 

D wi+h d, E with e. 
240 

70 
34 l 9  

,, Example : 
(a) Find value of 20:. 

60 
Since the exponent (2) is > 1.0 use 

7.2 scales associated with xn. Where x -20 1600 
30 

ond n- 8 ,  x=ZO may be located on 480 
29 lo scales C and D. If location tn scale 

D is used, the solution of 20s cannot mo 
be found on scale d, for the solution 

6.6 read result of xn=2950 on scale c. ,, 
(b) Find value of 29503. 

- 46 
24 

y -Z~andA= i ,  y=2950 may befouqd 5 8 0  

on scole c and read the result yn- 2100 
l4 9.0 

- 44  6,Z 20 on scole C .  600 

zzoo 
- 42 6 2 0  

,+ 2300 
Values of y or x "  
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4YDRAULICS: VALUES OF yn AND x'ln FOR x AND y <  l 

Use only Companion 
Scales, i.e. A with a, 
B with b, C with c, D 
with d ,  E withe, F 
with f .  

(a)For Values of 0 . 9 9 ~  x-=1.00 

and Q < n  c 3 use t he  

approx~mat~on 

x n >  I - n  ( I -  x )  

(b)For Values of 0 . 9 7 4 ~  -= 1.00 
3 

and $ L n L 7 use the 

approxirnatlon 

= I I , >  

0.63 I!' - 0 5  

3 3  J 

1 3.0 
0.950 

0.89 

Example: 0.948 

(o)Flnd Value of 0.80' 
S~nce the exponent (2) IS  '1.0 
use scoles associated w ~ t h  x n  0.946 
where. x - 0.80 and n - 2 .  
x -0.80 may be found on scole 0.88 
C,or,d D. I f  location on scale D 0.944 

IS used the  solut~on of 0.80' 
cannot be found on scole d for 
the solut~on line intersects ' 0.942 
scole c outside the Ilmrts of 
t h ~ s  sheet 
use locatlon on scole C and 
reod resu I t  x " -0 64 on scole c . 

(b)Flnd Volue of 0.64i ,,, Smce the exponent($) IS 1.0, 
use scoles ossoc~ated wlth 

o 54 where =064 and h - i  y-0.64 09% 

moy be found on scale c or?d 
o 56 0990 read the resulty~-0.80 on scale C. 
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Since Q = av, equation ( 5  3-14) may be converted t o  the  following 
formula f o r  discharge i n  any conduit: 

Substitution of a and r i n  terms of inside diameter of pipe in inches i n  
equation (5.5-15) gives the following general formula fo r  discharge i n  
circtzlar pipes : 

Q/C = 0.0006273 di2 so-" (5-5-16) 

Graphical solutions of equation (5.5-16) for standard pipe ranging from 
1 t o  12 inches i n  diameter and a wide range i n  slope may be made by 
drawing ES-40. The 0.63 and 0.54 powers of numbers for  use i n  the  above 
forms of Hazen-William formula may be computed by drawing ES-37. 

Values of C fo r  different  types of pipe are  given i n  tab le  5.5-2. 

TABLE 5 -5-2. VALUES OF HA!ZEX-Wff,;LIAMS C 

I Description of Pipe C 

1. Very smooth pipe; e traight  alignment - - - - - - - - - - - - 140 
2. Very smooth pipe; s l ight  curvature - - - - - - - - - - - - - 130 
3 .  Cast iron, uncozted - new - - - - - - - - -  - - - - - - - - - 

5 y e m a o l d  - - - - - - - - - - - - -  130 
120 

1 0 y e a r s o l d  - - - - - - - - - - - - -  n o  
15 years old - - - - - - - - - - - - - 100 
20year . so ld  - - - - - - - - - - - - -  9 O  
30 years old - - - - - - - - - - - - - 80 

coated - ages - - - - - - - - - - - - - - - 130 
4. Stee lp ipe ,  welded, new - - - - - - - - - - - - - - - - - - 130 

(Same d e t e ~ i o r a t i o n  with age as cast  iron, uncoated) 
For p e r m e n t  ins ta l la t ion  use - - - - - - - - - - - - - - - 100 

5.  Wrought iron or standard galvanized s t e e l  - d i m .  12 in .  up 110 

I 4 t o  12 in. 100 
1 4 h. down 80 
6 .  ~ r a e s o r l e a d ,  n w -  - - - - - - - - - - - - -  - - -  - - - - 140 

7 .  Concrete, very smooth, excellent joints  - - - - - - - - - - 140 
smooth, good joints - - - - - - - - - - - - - 120 
r o u g h - - - - - - - - - - - - - - - - - - - -  110 

8. v i t r i f i e d  - - - - - - - - - - - - - - - - -  - - - - - -  - -  110 
9. Smoo+,h wooden or wood stave - - - - - - - - - - - - - - -- - 120 
10. AsbelCos, cement - - - - - - - - - - - - - - - - - - - - - .. 140 
11. C o r w a t e a  pipe. - - - - - - - - - - - - - - - - - - - - - - 60 

Note: Pipes of small diameter, old age, and very rough inside 
surface, may give values as low as C = 40 



5.4 Other Losses. I n  addition t o  the f r i c t ion  head losses there are  
other losses of energy which occur as the resu l t  of turbulence created by 
changes i n  velocity and direction of flow. To f a c i l i t a t e  the i r  inclusion 
i n  Bernoulli 's energy equation, such losses are  commonly expressed i n  
terms of the mean velocity head a t  some specif ic  cross section of the pipe. 

These losses are sometimes called minor losses which may be a serious 
misnmer. I n  long pipe l ines,  the entrance loss, bend losses, etc., may 
be a re la t ive ly  insignificant part  of the t o t a l  loss  and i n  such cases can 
be ignored without introducing s ignif icant  error.  Such i s  not the case 
i n  many structures such as  culverts, drop in le t s ,  and siphons which are 
re la t ive ly  short. Safe design practice requires an estimate of such Losses, 
I n  case the estimate indicates tha t  minor losses amount t o  5 percent or 
more of the t o t a l  head loss,  they should be carefully evaluated and in- 
cluded i n  the flow calculations. 

A s  veloci t ies  increase, carefuL determination of such d n o r  losses 
becomes increasingly important; with a mean velocity of 30 fee t  per second, 
the neglect of an entrance loss  of 0.5 $/2g resu l t s  in an error  i n  head 
loss  of 7 feet ,  whereas i f  the  mean velocity is 3 fee t  per second, neglect 
of such an entrance l o s s  r e su l t s  i n  an er ror  of only 0.07 f ee t .  

Data on minor losses  most commonly required are  contained i n  the fo l -  
lowing subsections. 

5.4.1 Entrance Loss. Loss of head a t  the entrance of a pipe 
r e su l t s  f r m  turbulence caused by the  contraction of the  flow cross sec- 
t ion.  It i s  expressed by the  following equation: 

i n  which 

Ho = head loss at the  entrance i n  f t .  
KO = a coefficient dependent on the type of in l e t .  
v = velocity i n  pipe i n  fps. 
g = acceleration of gravity I n  ft. per sec. 2 

Values of KO are given In  the following table:  

Type of In l e t  Value of KO 

Inward projecting 0.78 
Sharp cornered 0.50 
Bell mouth 0.04 
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5.4.2 Enlargement Loss. Loss of head due t o  enlargement of 
the pipe section may be computed by: 

& = head loss  due t o  enlargement Fn f t .  
& = a coefficient depending on the degree of 

enlargement of the pipe section. 
vl = mean velocity i n  the smaller pipe i n  f'ps. 

Values of & for  sudden enlargement may be taken from f ig .  5.3-2. 
If  values corresponding more closely t o  given veloci t ies  are required, 
re fer  t o  King's Handbook, tab le  73, p. 231. When losses due t o  gradual 
enlargement are t o  be estimated, re fer  t o  King's Handbook, t ab le  74, 
p. 231, f o r  values of Q f o r  conical enlargements. 



5.4.3 Contraction Loss. Loss of head due t o  sudden contraction 
of the pipe section may be computed by: 

& = head loss  due t o  sudden contraction i n  ft. 
K3 = a coefficient depending on the degree of reduction 

i n  the pipe section. 
v l  = mean velocity i n  the  smaller pipe i n  fps.  

Values of & may be taken from f ig .  5.5-3. Inspection of tha t  figure 
w i l l  show tha t  I(j varies primarily with the r a t i o  of the larger t o  the 
smaller diameter and secondarily with velocity i n  the smaller pipe. When 
it i s  desired t o  use values of & corresponding more closely t o  given ve- 
l o c i t i e s  than may be interpolated from f i g .  5.5-3, they may be obtained 
from King's Handbook, tab le  76, p. 232. Where one o r  both pipes have 
other than a round section, convert cross-sectional area t o  equivalent di-  
ameter t o  determine the r a t i o  of the larger t o  the smaller diameter; or 
use the square root of the r a t i o  of the Larger area t o  the smaller area. 

LOSS COEFFICIl3NT FOR SUDDEN CONTRACTION 

FIG. 5.5-3 



2.4.4 Obstruction Loss. Loss of head due t o  obstruction may 
be computed by: 

& = head loss  due t o  obstruction. 
& = a coefficient. 
v = mean velocity i n  pipe. 

I n  pract ice the most common typee of obstructions for  which head 
losses must be determined are valves. Generally re l iab le  values of Kq 
for  any type of obstruction may be taken from f ig .  5 . 5 .  Harever, 
careful judgment should be exercised i n  select ing & i n  many cases. 
Where it i s  important tha t  re l iab le  determinations of head losses for  
valves be made, Kq should be taken from sources of data re la t ing  t o  
the specif ic  type or typee of valves under consideration. 

LOSS COEFFICIENT FOR PlPE OBSTRUC?J!ION 

FIG. 5.5-4 



5.4.5 Bend Loss. Loss of head due t o  bends m y  be computed by: 

H5 = head los s  due t o  bend. 
Kg = a coefficient.  
v = mean -velocity. 

Head loss  i n  a pipe bend ic  taken as the loss  i n  excess of the f r i c -  
t i o n  head. That is, the t o t a l  loss  i n  a bend is  the f r i c t i o n  head los s  i n  
an equal length of s t ra ight  pipe plus the  head loss  due t o  the bend. The 
head-loss due t o  the  bend i s  computed separately. 

Values of K5 f o r  90-degree, curved bends tha t  w i l l  be safe fo r  most 
cases i n  Service work may be taken from fig. 5.5-5. 

Patio 4/d 
R=radius of @ o f  bend; d =  diamefer o f  
circu/or secfion or side o f  square section 

LGSS COEFFICIENT FOR 90' PIPE BEND 

FIG. 5.5-5 



Ks f o r  90-degree square elbows, sometimes ca l l ed  miter  bends, where the re  
i s  no rounding of t he  corners of the  in te r sec t ing  conduits a t  e i t h e r  out- 
s i de  or ins ide  of t he  bend should be taken as  1.25 t o  1.50. In  cases of  
bends where t h e  def lec t ion is  l e s s  than 90 degrees, determine Kg a s  
follows : 

K~ ( f o r  t end  < 90') = 1 -( L 90 - def lec t ion  i n  degrees ) K5 for 90' bend 
90 

It I s  impractical  t o  reproduce here even a l imi ted  number of t he  many 
tables ,  diagrams, and char ts  avai lable  i n  t r ade  l i t e r a t u r e  t ha t  give losses  
f o r  standard pipe  f i t t i n g s ,  various types of valves, e tc .  



5.5 Analysis of Pipe Flow Problems. The basic equations for  analy- 
zing pipe flow are the energy equation which expresses Bernoulli 's  theo- 
rem and the continuity equation. Figure 5.5-6 shows the energy gradient 
end hydraulic gradient fo r  e. pipe of uniform section discharging from a 
reservoir.  

The energy equation i s :  

and the f r i c t ion  head, 

When H1, d or di, and L are given and Q i s  required, v i s  computed by 
formula (5 .5-6)  and Q i s  computed by Q = av. When H1, L and Q are given 
and d i s  requi. ,ed, the solution i s  usually made by trial and error  since 
various types of pipe are available only i n  cer tain standard s izes .  Se- 
l e c t  a trial s ize pipe and compute v = Q + a; compute H1 and compare with 
the permissible H1j repeat t r i a l s  u n t i l  a standard s ize  is found which 
w i l l  give the required discharge with a loss  of head equal t o  or l e s s  than 
the  permissible H1. 

For the complete solution of general problems of pipe flow, Bernoulli 's  
theorem requires tha t  the t o t a l  head, H, be represented by velocity head 
plus all losses.  I n  the simple case i l l u s t r a t ed  by figure 5.5-6, 

I n  the general case, 
v2 

H = - + H1 + a l l  other losses. 
2g 

Methods of evaluating other losses e r e  given i n  subsection 5.4. 



5.5.1 Examples in Pipe Flow. 

EXAMPLE 1 

Given: A culvert at which the road grade is to be raised and widened 
and the culvert lengthened. The conditions are shown by the 
sketch below. 

To determine: The discharge capacity of the lengthened culvert. 

Solution: 

The energy equation between section 6, which is horizontal and 
coincident with the upstream water surface, and section 10 i s :  

Each term of this equation is explained and evaluated or reduced to its 
simplest form in order: 

vg2 + 2g; the velocity head at section 6, which by inspection is zero. 

p6 i W; the pressure head at section 6, which at the water surface is zero. 

z6; the elevation heed at sectinn 6 cr the vertical distance from the as- 
sumed datum to the point of measurement of pressure head (see fig. 5.3-l) ,  
in this case 632.00 - 618.00 = 14.00 ft . 



vlo2 + 2gj the velocity head a t  section 10, see data on sketch. Since 
& = al and vlo = v3 = v1,-thls head may be expressed as v12 + 2g. 

plo c w j  the pressure head a t  section 10, the  elevation of tailwater minus 
the elevat ion of the centerline of the pipe, 623.40 - 620.00 = 3.40 f t  . 
zloj  the elevation head a t  section 10, the elevation of the centerline of 
the pipe minus the datum elevation, 620.00 - 618.00 = 2 .OO f t .  

&+7(vI2 + 2g) the entrance loss  a t  section 7. In  t h i s  case the  in l e t  i s  
between inward projecting and sharp cornered with contraction suppressed 
around the part  of the  circumference near the bottom of the i n l e t  and, as 
chosen by judgment from subsection 5.4.1, KO = 0.65. 

Kpr-8 L1 (v12 + 2g); the f r i c t ion  head loss  i n  the corrugated pipe between 
sections 7 and 8. From table  5.4-1, n = 0.025 for  corrugated pipe and from 
drawing ES-42, Kp = 0.0182 and al = 12.57 f t 2  for  di = 48 in .  and n = 0.025. 

KZs(vl2 + 2g); the head loss  due t o  sudden enlargement at section 8. From 
the sketch a2 = 16.00 fl2 and al = 12.57 ft2, then (a2 + a 1 ) O a 5 =  1.27°-5 = 
1.13 and from figure 5.5-2, & = 0.05. Note tha t  K;? i s  expressed i n  terms 
of the velocity head i n  the smaller pipe. 

Kc, -9 IQ(vZ2 3 2g) j the f r i c t i o n  head loss  i n  the concrete culvert between 
sections 8 and 9. From drawing ES-42, Kc = 0.00636 for  4x4 conduit with 
n = 0.015. I n  order t o  have only one unknown i n  the equation, v2 i s  ex- 
pressed i n  terms of vl. Since Q = alvl = a 2 v ~ ;  v2 = vl(al +- a2) and vZ2 = 

2 vl (al s a2)2 = ~ ~ ~ ( 1 2 . 5 7  + 16)' = 0.615 v12. 

K , , ( V ~ ~  4 2 g ) ;  the head loss  due t o  sudden contraction a t  section 9 ex- 
pressed i n  terms of velocity head i n  the smaller pipe. See subsection 
5.4.3 and figure 5.5-3. The value of' (w  a a1)0-5 a t  section 9 i s  the 
same as a t  section 8 and is  equal t o  1.13. From figure 5.5-3, K3 = 0.04. 
Since % = a l ,  v3 = v1. 

Kpg-lo h ( v s 2  t 2g ) ;  the f r i c t ion  head loss  i n  the corrugated pipe between 
sections 9 and 10. This loss  is  equal t o  and i s  computed i n  the same way 

2 as  Kp,-a Ll(vl t 2 g ) .  Note tha t  L = L1 and v3 = vl .  

The equation, with the terms evaluated, is:  





EXAMPLE 2 

Given: A galvanized pipe l i n e  discharging from a reservoir  as  shown by 
the sketch below. The pipe i s  required t o  del iver  l 5  g p m  when both 
valves a re  Ful l  open. 

To determine: The s i z e  of standard pipe required t o  del iver  a minimum of 
15  gpm when valve 1 and valve 2 a re  f u l l  open. 

Solution:  
g;al 1 min 

1. Converting 15 g p m  t o  c f s :  ft3 = 0.033 cf8. l5 min 60 sec 7.48 g a l  

2. By Bernoul l i ' s  theorem: t he  t o t a l  head i s  equal t o  veloci ty  head 
plus  a l l  head losses :  

Hoj  the entrance l o s s .  The i n l e t  i s  inward projecting;  therefore,  
from subsection 5.4.1, KO = 0.78 and Ho = 0.78(P s 2 g ) .  

a1 and Q2; t he  losses  due t o  obstruction a t  valves. See sub- 
sect ion 5.4.4. When valves a r e  f u l l  open ( a  t a,) = 1.0, and from 
f igure  5.5-4, Kq = 0.1. Q1 + G2 = 0.2 (3 + 2g) .  

Hlj t he  f r i c t i o n  l o s s .  From t a b l e  5.4-1, n = 0.015. By equations 
(5.5-4) and (5.5-6), 

3 
H 1 = K L -  8.11d 

5087 n2 
p a3 KP = di4/3 



I n  t h i s  case, 

3. Placing t he  evaluated terms i n  the  energy equation: 

4.  Sclving f o r  di by t r i a l  using the  continuity equation t o  compute 
v f o r  the assumed pipe sizes when Q = 0.033 cfs gives the  smallest 
standard pipe t h a t  w i l l  de l iver  0.033 cfs. 

Try di = 2 in; a = 0.023 ft2;  v = 9 = &m = 1.44 pps 
a 0.023 

Try dl = 1-1/2  in^ a = 0.014 f tZ;  v = m~ 0*03j  = 2.36 fps  

o.087p.98 + 465) = 40.7 f t .  

2-inch pipe must be used since a t o t a l  head of 40.7 ft would be 
required t o  produce Q = 0.033 c f s  through the 1-1/2 inch pipe. 

Discharge f o r  t h e  2-inch pipe under a head of 22.00 f t  i s :  

Alternate solution:  

1. In s tep  3 of the  above solut ion it i s  shown t h a t  entrance l o s s  p lus  
obstruction l o s s  a t  the valves amounts t o  only (0.78 + 0.20) (v2 + 2g) 
while f r i c t i o n  l o s s  i s  (800 ; d i 4 / 3 ) ( P  ; 2g); therefore, losses  
other than f r i c t i o n  are negl igible .  The slope of the hydraulic gra- 
di.ent may be taken a s  s = 22.00 + 700 = 0.0314 = 3.1 x loc2. 



2 .  From table  5.5-2, C for small sizes of galvanized p i  e i s  found to -2 be 80, then &; C = 0.033 i- 80 = 0.00041 = 4.1 x 10 . 
3. On drawing ES-40 the point where s = 3.1 x and Q C = 

4.1 x lo-* fa l l s  between the l b e s  for $ = 2 in. and d. = 1.5 i n .  
The larger size, i .e . ,  2-inch, standard pipe is required. 




